Human exposure to inorganic arsenic leads to various dermal disorders, including hyperkeratosis and skin cancer. Curcumin is demonstrated to induce remarkable antioxidant activity in a variety of cells and tissues. The present study aimed at identifying curcumin as a potent activator of nuclear factor erythroid 2-related factor 2 (NRF2) and demonstrating its protective effect against inorganic arsenite-(iAs 3+ -) induced cytotoxicity in human keratinocytes. We found that curcumin led to nuclear accumulation of NRF2 protein and increased the expression of antioxidant response element-(ARE-) regulated genes in HaCaT keratinocytes in concentration-and time-dependent manners. High concentration of curcumin (20 M) also increased protein expression of long isoforms of NRF1. Treatment with low concentrations of curcumin (2.5 or 5 M) effectively increased the viability and survival of HaCaT cells against iAs 3+ -induced cytotoxicity as assessed by the MTT assay and flow cytometry and also attenuated iAs 3+ -induced expression of cleaved caspase-3 and cleaved PARP protein. Selective knockdown of NRF2 or KEAP1 by lentiviral shRNAs significantly diminished the cytoprotection conferred by curcumin, suggesting that the protection against iAs 3+ -induced cytotoxicity is dependent on the activation of NRF2. Our results provided a proof of the concept of using curcumin to activate the NRF2 pathway to alleviate arsenic-induced dermal damage.
Introduction
Arsenic is a natural element ubiquitous in the environment. Chronic human exposure to inorganic arsenic (iAs) induces various skin lesions, including Bowen's disease, hyperkeratosis, and skin cancers [1] [2] [3] [4] . Our previous studies reveal that oxidative stress occurs in response to inorganic arsenite (iAs 3+ ) exposure [5] [6] [7] [8] , which may partly account for the dermal toxicity of iAs 3+ , including hyperkeratosis and carcinogenesis.
Nuclear factor erythroid 2-related factors (NRFs) are a family of transcription factors that regulate the cellular adaptive response to oxidative stress through the cis-regulating antioxidant response element (ARE). Many ARE-dependent genes are important in maintaining the cellular redox homeostasis and limit oxidative damage. Under normal conditions, NRF1 is targeted to the endoplasmic reticulum [9] , whereas NRF2, constitutively expressed at a low level, is primarily in the cytoplasm and mainly controlled by the Kelch-like ECH-associated protein 1 (KEAP1) through ubiquitination and proteasomal degradation [10] . Upon oxidative stress, NRF2 and/or NRF1 dimerize with small MAF or other bZIP proteins in the nucleoplasm, and then the heterodimer binds to the AREs in the promoter regions of various detoxifying and antioxidative stress response genes, such as NADPH: quinone oxidoreductase 1 (NQO1), glutamate cysteine ligase catalytic (GCLC) and regulatory (GCLM) subunits, and heme oxygenase-1 (HMOX-1). Thus, NRF2
and/or NRF1-mediated adaptive antioxidant response plays important roles against oxidative/electrophilic stress and in chemical detoxification. Our previous studies demonstrated that NRF2, NRF1, and KEAP1 contribute to the coordinated regulation of antioxidant and detoxification enzyme expression and protect cells from arsenic-induced apoptosis and cytotoxicity in human HaCaT cells [6] [7] [8] 11] . Therefore, enhancing the NRF2-dependent adaptive response through chemoprevention holds the promise of conferring protection against toxicity and carcinogenicity induced by iAs 3+ . Curcumin is a polyphenol natural product isolated from the rhizome of Curcuma longa. For centuries, curcumin has been used in some medicinal preparations or as a food-coloring agent. Extensive in vitro and in vivo studies demonstrated that curcumin has a number of biological and pharmacological activities, such as anti-inflammatory, antioxidant, antimutagenic, and anticarcinogenic activities [12] [13] [14] . The effects of curcumin have been extensively investigated in liver cells [15] , human lymphocytes [16] , endothelial cells [17] , renal epithelial cells [18] , astrocytes [19] , and murine splenocytes [20] . The protective effect of curcumin owing to its antioxidant property by inducing NRF2-mediated antioxidant and detoxicating enzymes has been demonstrated [21, 22] . Numerous studies have provided evidence that curcumin protects against iAs 3+ -exerted neurotoxicity, genotoxicity and DNA damage in vivo and in vitro [20, [23] [24] [25] [26] [27] . Thus, with its substantial antioxidant property, circumin can combat the adverse effects of arsenic in a variety of experimental settings and epidemiological surveys.
However, the role of curcumin in regulating NRF2 and its target genes in human keratinocytes and whether curcumin protects against iAs 3+ -induced cytotoxicity in these cells are not clear. In the present study, we confirmed curcumin as a potent NRF2 activator and investigated the NRF2-dependent protective role of curcumin against iAs 3+ -induced cytotoxicity and apoptosis in human HaCaT cells. Our findings have important implications not only for understanding the role of curcumin against iAs 3+ -induced cytotoxicity in human keratinocytes but also for developing preventive and/or corrective strategies against chronic arsenicosis, including arsenic-induced skin disorders.
Materials and Methods

Cell Culture and Experimental Reagents.
HaCaT cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U penicillin/mL, and 100 g streptomycin/mL as described previously [6] . Cultures were maintained at 37 ∘ C in a humidified 5% CO 2 atmosphere. Culture media, FBS, and supplements were purchased from Invitrogen (Carlsbad, CA, USA). Sodium arsenite and curcumin were obtained from Sigma (St. Louis, MO, USA).
Lentiviral-Based shRNA
Transduction. MISSION shRNA lentiviral particles were obtained from Sigma. Transduction of HaCaT cells with lentiviral-based shRNAs targeting NRF2 (SHVRS-NM 006164), KEAP1 (SHVRS-NM 012289), or scrambled nontarget negative control (SHC002V) was performed and confirmed as described previously [7, 8] . Cells were maintained in medium containing 1.0 g/mL of puromycin.
Antioxidant Response Element (ARE) Reporter Assay.
Cignal Lenti ARE reporter transduction of HaCaT cells was performed as described previously [8] . Cells were grown to ∼90% confluence and subcultured in medium containing 1.0 g/mL of puromycin. The luciferase activity was measured by Luciferase Reporter Assay System (E1960, Promega, Madison, WI, USA) according to the manufacturer's protocol. The luciferase activity was normalized to cell viability which was determined using a Non-Radioactive Cell-Proliferation Assay Kit (G5430, Promega).
Acute Cytotoxicity Assay.
A minimum of 5 replicates of 10,000 cells per well were plated in 96-well plates and allowed to adhere to the plate for 24 hr, at which time the media were removed and the cells were treated with medium containing curcumin and/or iAs 3+ . Cells were then incubated for indicated time and cell viability was determined using Non-Radioactive Cell-Proliferation Assay Kit as detailed previously [7, 8] .
Western Blot Analysis.
Protein isolation from wholecell lysates and determination of protein concentration were conducted with BCA kit according to the manufacturer's protocol (Beyotime, P0010, Shanghai, China). For immunoblot analysis, 50 g protein was run on an 8% or 12% Tris-Glycine gel and blotted to PVDF membrane. The membrane was blocked in 5% nonfat milk at room temperature (RT) for 2 hr, then it was incubated with primary antibodies (Ab) at 4 ∘ C overnight followed by treatment with horseradish peroxidase-conjugated secondary Ab at RT for 2 hr. Protein expression was detected by Chemiluminescence Luminol Reagent (sc-2048, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Immunoblotting was performed by using Abs against the following antigens: NRF2 (1 : 500, sc-13032, Santa Cruz Biotechnology, Inc.), NRF1 (1 : 500, sc-13031, Santa Cruz Biotechnology, Inc.), KEAP1 (1 : 500, sc-15246, Santa Cruz Biotechnology, Inc.), HMOX-1 (1 : 500, sc-136960, Santa Cruz Biotechnology, Inc.), Cleaved caspase-3 (1 : 1000, #9664, Cell Signaling Technology, MA, USA), PARP (1 : 1000, #9542, Cell Signaling Technology), and -actin (1 : 2000, A1978, Sigma).
Immunostaining.
Fluorescence immunostaining was performed as described previously [6] . Briefly, cells were grown on glass cover slips in six-well plates for 48 hr. Then, cells were washed with PBS and fixed for 15 min at RT in 3% (v/v) formaldehyde. After being washed, in PBS, cells were permeabilized in 1% (v/v) Triton X-100 in PBS, washed and incubated with 10% goat serum (ZLI-9021, ZSGB-Bio, Beijing, China) in PBS for 1 hr at RT. Cells were first treated with NRF2 antibody overnight at 4 ∘ C and subsequently with goat anti-rabbit IgG-CFL 488 (sc-362262, Santa Cruz Biotechnology, Inc.) for 1 hr at RT. After being washed with PBS, the cover slips were mounted with the Prolong Gold antifade reagent (P36930, Molecular Probes, Inc., Eugene, OR, USA) on microscope slides, and immunostaining was examined by using Leica DM4000 B Fluorescence microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany).
Quantitative Real-Time RT-PCR Analysis.
Total RNA was isolated with TRIzol (10296-028, Life Technologies) and then was subjected to cleanup by using RNase-Free DNase Set and RNeasy Mini kit (Qiagen, Valencia, CA, USA). Quantitative real-time RT-PCR was performed as described previously [7, 8] . SYBR Green PCR master mix was purchased from Applied Biosystems (Carlsbad, CA, USA). Primers (sequences are shown in Supplemental Material, Table 1 
Statistical Analyses.
All statistical analyses were performed by using Graphpad Prism 5 (GraphPad Software, San Diego, CA, USA), with < 0.05 taken as significant. Data are expressed as mean ± SD. Statistical analyses to evaluate the time-and concentration-dependent effects of curcumin exposure on gene expression and cell viability were performed by using two-way ANOVA with Bonferroni post hoc testing. Statistical analyses to evaluate the protective effect of curcumin on iAs 3+ -induced cytotoxicity were carried out by using one-way ANOVA with Tukey's multiple comparison test.
Results
Cytotoxicity and ARE-Luciferase Activity Induced by
Curcumin. After HaCaT cells were exposed to various concentrations of curcumin for 24 hr, curcumin at 1.25∼5 M significantly increased the viability of HaCaT cells compared to control, while there was a concentration-dependent decrease in cell viability at 10 M or higher. The LC 50 of curcumin for 24 hr exposure was 27.33 ± 1.53 M (Figure 1(a), left panel) .
To evaluate the potential activation of the antioxidant response pathway by curcumin in HaCaT cells, cells stably transduced with the ARE-luciferase reporter were used. These cells were responsive to noncytotoxic concentration (40 M) of NRF2 activator tBHQ-induced ARE activation in a time-dependent fashion (Figure 1(a) , right panel, and Figure 1(b) , left panel), confirming that the cells are responsive to NRF2 activation. As shown in Figure 1 (b) (middle and right panels), curcumin concentration and time dependently increased the activity of ARE-luciferase reporter in HaCaT cells.
Curcumin Increased NRF2 Protein Expression and
Induced the Adaptive Antioxidant Response. In response to a 6 hr exposure to curcumin, the protein expression of NRF2 was increased in a concentration-dependent manner (Figure 2(a) ). In response to 5 M curcumin treatment, NRF2 protein was elevated quickly and peaked 2∼6 hr (Figure 2(b) ). These results confirmed that curcumin is a potent NRF2 activator in human HaCaT cells. Interestingly, protein expression of NRF1 was elevated only at a higher concentration of curcumin (20 M) (Figure 2(a) ), suggesting that NRF1 can probably be activated only at more toxic conditions. Cell immunostaining showed that NRF2 was mainly localized in the cytoplasm in untreated cells (Figure 2 Since curcumin augmented the ARE activity of the luciferase reporter (Figure 1(b) ), we next sought to confirm the result with endogenous ARE-dependent genes. As expected, mRNAs of NQO1, HMOX1, GCLC, and GCLM were induced significantly by curcumin in a concentrationand time-dependant manner (Figures 3(a) and 3(b) , bottom panels). The mRNA expression of NRF2 and NRF1 decreased slightly at a high concentration of curcumin and did not change significantly over time (Figures 3(a) and 3(b), upper panels), suggesting that NRF2 and NRF1 were primarily posttranscriptionally regulated. Interestingly, the mRNA expression of KEAP1 was also induced by curcumin, suggesting a potential feedback from NRF2 to KEAP1. Our results demonstrate that curcumin is able to induce the NRF2 pathway and its target genes.
Curcumin Protected against iAs
3+ -Induced Cytotoxicity.
To determine the protective effect of curcumin on iAs 3+ -induced cytotoxicity, noncytotoxic concentrations of curcumin (2.5 and 5 M, Figure 1 (a)) were used. As shown in Figure 4 , HaCaT cells were pretreated with 2.5 M or 5 M curcumin for 6 hr. Subsequently, the cells were exposed to 30 M of iAs 3+ for 20 hr in the continued presence of curcumin (Figure 4(a) ), after which cell viability and apoptosis were measured. Compared with untreated cells, treatment with curcumin caused a significant increase in cell viability in response to iAs 3+ (Figure 4(b) ). In addition, flow cytometry measurement with Annexin V-FITC and PI double staining showed that exposing cells to 30 (Figure 4(d) ). Together, these results demonstrated that curcumin at low noncytotoxic concentrations is able to protect cells from iAs 3+ -induced cellular toxicity.
The Protective Effect of Curcumin on iAs 3+ -Induced Cytotoxicity and Apoptosis Is Dependent on NRF2 Activation. We proposed that the protection against the cytotoxicity of iAs
3+
by curcumin in human HaCaT cells is owing to the activation of NRF2. To study the mechanism, the effects of curcumin on iAs 3+ -induced cytotoxicity in HaCaT cells with stable knockdown (KD) of NRF2 or KEAP1 were examined. The silencing efficiency of the constructs was confirmed by immunoblot under basal and curcumin-treated condition ( Figure 5(a) ), at the same time, the protein level of HMOX-1, an NRF2-specific downstream gene, was also detected (Figure 5(a) ). As expected, the protection by curcumin against iAs 3+ was obvious in scramble (SCR) cells ( Figure 5(b), left panel) . In NRF2-KD cells, treatment with 5 M curcumin offered no protection against iAs 3+ as compared with cells exposed to iAs 3+ alone ( Figure 5(b) , midpanel). Interestingly, curcumin did not offer further protection against iAs 3+ in KEAP1-KD cells either ( Figure 5(b), right panel) . This is likely because in these cells NRF2 was already fully activated due to the lacking of KEAP1, and thus maximal protection against iAs 3+ was already in place, as indicated by the dramatic right-ward shift Oxidative Medicine and Cellular Longevity 
Discussion
NRF2 plays a pivotal role in directly regulating many antioxidant and detoxification enzyme genes via AREs in gene promoters. The important role of NRF2 in chemoprevention and cellular defense has been clearly demonstrated in NRF2-null mice which are susceptible to both oxidative and carcinogenic insults [28] [29] [30] [31] . Accumulating evidence from both animal models and human epidemiological studies has shown that many naturally occurring phytochemicals, including sulforaphane, epigallocatechin-3-gallate (EGCG), curcumin, and oridonin, possess chemopreventive potential by inducing NRF2-mediated antioxidant/detoxification enzymes [32] [33] [34] . Curcumin has been used for chemoprevention and treatment of various skin lesions, such as scleroderma, psoriasis, skin cancer, and wound healing [35] [36] [37] . It has been shown that curcumin activated NRF2 in several cell types [21, 32, 38] and exerted a cytoprotective effect through transcriptional induction of phase II enzymes, such as glutathione transferase, NQO1, HMOX-1, GCLC, and GCLM in certain human cancers, skin lesions, and neurodegenerative diseases [39, 40] . However, whether curcumin is a potent NRF2/1 activator in human HaCaT cells has not been demonstrated previously. Our present study indicates that curcumin induced NRF2 protein nuclear accumulation in a time-and concentrationdependent manner, which is unlikely to be attributed to an increase in mRNA expression, confirming a previous report [41] . Though curcumin disrupted the NRF2-KEAP1 complex, leading to increased NRF2 occupancy of AREs [42] , or indirectly stimulated the phosphorylation of NRF2 at serine and/or threonine residues which may facilitate its nuclear accumulation [21] , the exact mechanism by which curcumin activates NRF2 needs further investigation. Furthermore, research using relative high concentrations of curcumin (10∼ 25 M) on cultured cells showed that curcumin upregulated phase II enzymes especially HMOX-1 [41, 43] , while, in our experiment, curcumin was found to readily induce NQO1, HMOX-1, GCLC, and GCLM genes at even lower concentrations.
Curcumin has been found to affect the structure and function of cellular membrane, mimic typical events occurring during apoptosis [44] , and induce apoptosis of epidermal cells at the concentration of 12.5 or 25 M [41] . When HaCaT cells were treated in combination with UV or radiation, they mRNA level (fold of vehicle) * * * * * * * * * * * * * * * * *
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NRF1 (20) GCLC (20) HMOX-1 (25) NQO1 (19) GCLM ( showed increased apoptosis [45, 46] . In our studies, acute exposure to curcumin at low concentrations has no effect on the apoptotic rate, while it increased viability against iAs 3+ -induced cytotoxicity.
Arsenic, a ubiquitous environmental element, causes dermal toxicity [4, 47] . Our previous studies [6] [7] [8] [ [48] [49] [50] . However, activating the NRF2-dependent protective pathway has also proved to be beneficial in reducing arsenicinduced toxicity in human bladder urothelial cells [51] . Our previous study showed that stable knockdown of NRF2 using shRNA rendered human HaCaT cells more sensitive to iAs 3+ -induced cell death [8] , suggesting a potential usage of NRF2 activators for therapeutic and dietary interventions against adverse effects of arsenic. The paradoxical health effects of NRF2 activated by a specific chemical agent were mainly determined by the balance between the induction of the NRF2 defense response and the otherwise adverse outcomes elicited by the agent. Therefore, the agent used for cytoprotection should be preferred at low concentrations without eliciting tangible cytotoxicity. In the present study, treatment with curcumin counteracted iAs 3+ -induced cell damage through activating NRF2, as demonstrated by MTT, apoptosis, and apoptotic-executive protein expression assays. Our cell-based study supports the notion that curcumin can be used as a chemopreventive agent. Low-concentration curcumin specifically targets NRF2-induced cellular antioxidant defense and has an important role in maintaining homeostasis in epidermis [52] . Although the finding that treatment with curcumin led to the activation of NRF2 and protected HaCaT cells against the acute cytotoxicity of iAs
3+
is consistent with the result in hepatocytes with sulforaphane [53] , the suppression of oxidative stress and/or reduction of cellular accumulation of arsenic in HaCaT cells needs further investigation to illustrate the underlying mechanisms.
Oxidative Medicine and Cellular Longevity 9 At noncytotoxic concentrations, curcumin had no effect on NRF1 protein expression; thus, the protective effect of curcumin in these concentrations is mainly NRF2 dependent. NRF1 is an essential gene during development [54] , and the 120-kD isoform of NRF1 is glycosylated and located in the ER [55] , which mediates antioxidant defense response against arsenic-induced cytotoxicity in human keratinocytes [7] . Our present results reveal that the protein expression of long isoforms of NRF1 is accumulated by high concentrations of curcumin, which is consistent with the distinctive role of NRF1; that is, NRF1 may offer protection in more severe stress conditions or provide additional protection when the antioxidant capacity provided by NRF2 is exhausted. This work provides a proof of concept of using curcumin to activate the NRF2 pathway to alleviate arsenic-induced damage and suggests that its chemopreventive potential requires optimization of dose.
Conclusion
Curcumin functions as a chemopreventive compound at low concentrations against arsenic-induced damage, which is mediated through activating the NRF2 cytoprotective pathway. 3-(4,5)-Dimethylthiahiazo(-z-y1)-3,5-diphenytetrazoliumromide NQO1:
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